Abstract: (1) Background: Lipids derived from oleaginous microbes have become promising alternative feedstocks for biodiesel. This is mainly because the lipid production rate from microbes is one to two orders of magnitude higher than those of energy crops. However, the conventional process for converting these lipids to biodiesel still requires a large amount of energy and organic solvents; (2) Methods: In this study, an oleaginous yeast, Rhodotorula glutinis, was used for direct transesterification without lipid pre-extraction to produce biodiesel, using sulfuric acid or sodium hydroxide as a catalyst. Such processes decreased the amount of energy and organic solvents required simultaneously; (3) Results: When 1 g of dry R. glutinis biomass was subject to direct transesterification in 20 mL of methanol catalyzed by 0.6 M H 2 SO 4 at 70 • C for 20 h, the fatty acid methyl ester (FAME) yield reached 111%. Using the same amount of biomass and methanol loading but catalyzed by 1 g/L NaOH at 70 • C for 10 h, the FAME yield reached 102%. The acid-catalyzed process showed a superior moisture tolerance; when the biomass contained 70% moisture, the FAME yield was 43% as opposed to 34% of the base-catalyzed counterpart; (4) Conclusions: Compared to conventional transesterification, which requires lipid pre-extraction, direct transesterification not only simplifies the process and shortens the reaction time, but also improves the FAME yield.
Introduction
Biodiesel is one of the most promising renewable fuels in transportation. It can be used as a drop-in replacement fuel for existing diesel vehicles and boiler engines without major modifications. It is also compatible with current fuel infrastructure [1] . Biodiesel is defined as the fatty acid, alkyl monoesters, derived from renewable feedstocks such as vegetable oils, animal fats, and waste cooking oil. Compared to conventional petrodiesel, biodiesel is highly degradable, non-toxic, and cleaner in exhaust emissions, with the exception of NO x [2] . The combustion properties of biodiesel are similar to those of petroleum diesel.
Currently, commercial biodiesel is produced by the transesterification of plant oils with short-chain alcohols, using alkaline catalysts such as NaOH and KOH; most of these plant oils are edible, including rapeseed, sunflower, palm, and soybean oil [3] . The biodiesel derived from these oils (first generation biodiesel) has two major drawbacks: (1) the high cost of feedstocks renders biodiesel unable to compete commercially with petrodiesel [4] ; (2) the utilization of these edible plants for fuel production may endanger the world's food supply [5] . These problems led to the development of the second generation which mainly utilizes non-edible plant oils such as jatropha, jojoba, and waste cooking oil [6] . However, the supply of these non-edible oils is not likely to meet the global demand for biodiesel. Recently, the use of oil-accumulating microbes as feedstocks for biodiesel production has β-carotene, torulene, and torularhodin [15] ; the composition of these carotenoids depends on the cultivation conditions.
The conventional process for converting yeast SCO to biodiesel includes the following steps in this order: cell disruption, oil extraction, separation and transesterification. In order to decrease the energy expenditure and the amount of solvents used in these steps, many researchers combine the aforementioned steps into one, which is usually described as direct transesterification [16] . The simplified process reduces the overall high cost of biodiesel derived from microbial origins. A fatty acid methyl esters (FAME) yield of up to 98% was reached by direct transesterification of dry R. toruloides biomass catalyzed by either H 2 SO 4 or HCl [17] . Using the same dry biomass, a similar yield was also obtained by direct transesterification using NaOH [18] .
In this work, dry R. glutinis biomass was converted to FAME by direct transesterification with either acidic or basic catalysts. The effects of catalyst amount, reaction temperature, incubation time, and methanol loading on FAME yield were studied. In order to evaluate the feasibility of using wet biomass directly, the influences of moisture content on the FAME yield were also examined. Finally, under optimized reaction conditions, the yields and FAME compositions from direct transesterification were compared with those from the conventional processes.
Results and Discussion

Effect of Catalyst Concentration on Transesterification
The average biomass concentration of R. glutinis from fermentation was 16 ± 5 g/L, with a lipid content of 39± 6%. Simple calculation revealed that 1 g of FAME is expected for 1 g of microbial lipid under complete transesterification. Thus the highest theoretical yield is 100%.When 0.1 and 0.2 g/L NaOH were used as catalysts, no FAME product was detected (Figure 1a) . The added NaOH could be consumed by the saponification side reaction because there was an excess of yeast lipids. The FAME yield increased to 18% when the catalyst concentration was 0.5 g/L; the highest FAME yield of 94% was observed with 1 g/L NaOH. However, the FAME yield started to decrease rapidly as the catalyst concentration increased further. No FAME was observed with 4 g/L NaOH; a high alkaline catalyst concentration may facilitate saponification, thus leading to this low FAME yield [19] . Our results indicated that only a narrow range of NaOH concentration was suitable for FAME production. Similar results were observed by others using dry R. toruloides biomass as a feedstock [18] . The NaOH concentration of 1 g/L was selected for later experiments. When 0.05 M H 2 SO 4 was used as a catalyst, the FAME yield was only 46% (Figure 1b) . The FAME yield increased with the concentration of H 2 SO 4 , and the highest FAME yield of 103% was observed with 0.6 M H 2 SO 4 . However, a further increase in the H 2 SO 4 concentration to 0.8 M led to a decrease in FAME yield; a similar observation was made by others using a dry R. toruloides biomass as a feedstock, and the decrease in FAME yield was explained as a result of side reactions such as polymerization under harsh conditions [17] . The transesterification reaction mixture appeared orange when H 2 SO 4 concentration was below 0.1 M, but the color changed to light yellow as the catalyst concentration increased further; the color change may be due to the oxidation of the caroteinoids present in the biomass [20] . The H 2 SO 4 concentration of 0.6 M was selected for later experiments. Similar results were observed by others using dry R. toruloides biomass as a feedstock [18] . The NaOH concentration of 1 g/L was selected for later experiments. When 0.05 M H2SO4 was used as a catalyst, the FAME yield was only 46% (Figure 1b) . The FAME yield increased with the concentration of H2SO4, and the highest FAME yield of 103% was observed with 0.6 M H2SO4. However, a further increase in the H2SO4 concentration to 0.8 M led to a decrease in FAME yield; a similar observation was made by others using a dry R. toruloides biomass as a feedstock, and the decrease in FAME yield was explained as a result of side reactions such as polymerization under harsh conditions [17] . The transesterification reaction mixture appeared orange when H2SO4 concentration was below 0.1 M, but the color changed to light yellow as the catalyst concentration increased further; the color change may be due to the oxidation of the caroteinoids present in the biomass [20] . The H2SO4 concentration of 0.6 M was selected for later experiments. 
Effect of Reaction Time and Temperature on Transesterification
The FAME yield obtained by NaOH catalysis was only 49% after 2 h of incubation, while increasing dramatically up to a yield of 102% after 10 h of incubation ( Figure 2 ). Further extension of the reaction time did not improve the yield, indicating that the reaction reached completion after 10 h. When H2SO4 was used as a catalyst, the FAME yield increased with the reaction time of up to 20 h with a yield of 111%. More FAME was formed than the available lipid which could be explained by the following reasons: (1) The lipid content within the biomass was underestimated; (2) some phopholipids were also converted to FAME [21, 22] . Further increase in the reaction time beyond 20 h did not improve the FAME yield. For later experiments, the reaction times of 10 and 20 h were used for NaOH and H2SO4 catalysts, respectively.
With a 10 h reaction time and NaOH as a catalyst; the FAME yields at 50 and 60 °C were only 61% and 94%, respectively; even increasing the reaction duration up to 20 h did not enhance the FAME yield. Thus, 70 °C was optimal for FAME production catalyzed by NaOH. A similar observation was also obtained with catalysis by H2SO4. A previous study reported an optimal temperature of 50 °C for converting the dry biomass of oleaginous R. toruloides directly to biodiesel within a lidded test tube [18] . The difference in the optimal reaction temperature might be attributed to a different reaction setup. In later experiments, for both NaOH and H2SO4, a reaction temperature of 70 °C was used. 
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With a 10 h reaction time and NaOH as a catalyst; the FAME yields at 50 and 60 • C were only 61% and 94%, respectively; even increasing the reaction duration up to 20 h did not enhance the FAME yield. Thus, 70 • C was optimal for FAME production catalyzed by NaOH. A similar observation was also obtained with catalysis by H 2 SO 4 . A previous study reported an optimal temperature of 50 • C for converting the dry biomass of oleaginous R. toruloides directly to biodiesel within a lidded test tube [18] . The difference in the optimal reaction temperature might be attributed to a different reaction setup. In later experiments, for both NaOH and H 2 SO 4 , a reaction temperature of 70 • C was used. 
Effect of Methanol Loading on Transesterification
Methanol serves as one of the reactants and also acts as a solvent to weaken and disrupt the cell walls [23] . The effect of methanol loading on transesterification is shown in Figure 3 . When NaOH was used as a catalyst, almost no FAME was formed with a biomass to methanol ratio (w/v) of 1:10; this could be because themethanol loading is insufficient to disrupt the cell walls effectively. When the biomass to methanol ratio was increased to 1:20, the highest yield of 102% was obtained. Nevertheless, the yield started to decrease as the ratio was further increased; similar results were also observed by others [24] . One possible explanation for the decreased yield at high methanol loading is that excess methanol dilutes the biomass and catalyst concentrations, thus giving rise to a lower conversion [18, 24] . On the other hand, when H2SO4 was employed as a catalyst, the methanol loading had little influence on the FAME yield within the range we studied. For both catalysts, a biomass to methanol ratio (w/v) of 1:20 was used for later experiments. 
Effect of Moisture on Transesterification
In an esterification reaction, the moisture content should be minimized because the presence of water favors the generation of free fatty acids from the hydrolysis of triglycerides, thus enhancing the degree of saponification and lowering the FAME yield. Previous studies on the transesterification 
Effect of Methanol Loading on Transesterification
Methanol serves as one of the reactants and also acts as a solvent to weaken and disrupt the cell walls [23] . The effect of methanol loading on transesterification is shown in Figure 3 . When NaOH was used as a catalyst, almost no FAME was formed with a biomass to methanol ratio (w/v) of 1:10; this could be because themethanol loading is insufficient to disrupt the cell walls effectively. When the biomass to methanol ratio was increased to 1:20, the highest yield of 102% was obtained. Nevertheless, the yield started to decrease as the ratio was further increased; similar results were also observed by others [24] . One possible explanation for the decreased yield at high methanol loading is that excess methanol dilutes the biomass and catalyst concentrations, thus giving rise to a lower conversion [18, 24] . On the other hand, when H 2 SO 4 was employed as a catalyst, the methanol loading had little influence on the FAME yield within the range we studied. For both catalysts, a biomass to methanol ratio (w/v) of 1:20 was used for later experiments. 
Effect of Moisture on Transesterification
In an esterification reaction, the moisture content should be minimized because the presence of water favors the generation of free fatty acids from the hydrolysis of triglycerides, thus enhancing the degree of saponification and lowering the FAME yield. Previous studies on the transesterification of vegetable oils have shown that the presence of water even at very low concentrations has a detrimental effect on the FAME yield [25] . To determine the effect of moisture content on the FAME yield, various amounts of water were added back to 1 g of dry biomass; the moisture content was defined by the following equation: moisture content (%) = amount of added water (g)/(amount of added water (g) + 1 g of biomass)
Using NaOH as a catalyst, the FAME yield was decreased with an increase in the moisture content ( Figure 4) ; the FAME yield was 34% when the biomass contained 70% moisture. Our results were quite different from those reported for R. toruloides (also using NaOH as a catalyst), which showed that there was almost no formation of FAME with moisture content above 10% [18] . In the case of H 2 SO 4 , the process tolerated moisture fairly well up to 50%. However, the FAME yield decreased rapidly to 85% and 43% when the biomass contained 60% and 70% moisture, respectively. Similar results were obtained by others using dry microalgae biomass, Chaetoceros gracilis, as a feed stock with a higher methanol loading of 1:40 [21] . We have also examined the feasibility of using a wet R. glutinis biomass collected from centrifugation without drying (the moisture content was 72%) for direct transesterification. However, this included a heating step at 80 • C for 10 min before centrifugation. Consequently, the FAME yield could reach 73%. Yellapu et al. reported that the yield could be further improved by pre-treating the wet biomass with surfactants such as N-lauroyl sarcosine, and the reaction time may also be shortened by carrying out the reaction under sonication [26] . of vegetable oils have shown that the presence of water even at very low concentrations has a detrimental effect on the FAME yield [25] . To determine the effect of moisture content on the FAME yield, various amounts of water were added back to 1 g of dry biomass; the moisture content was defined by the following equation:
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Comparison of Yields and Compositions of FAME Derived from Different Transesterification Methods
The yields and compositions of FAME produced by different transesterification methods are listed in Table 1 . The conventional methods resulted in lower FAME yields of 78% and 85% using NaOH and H2SO4 as catalysts, respectively; the acidic method had a yield similar to that of the previous report (81%), using the same biomass [27] . Direct transesterification, regardless of the catalyst used, resulted in significantly higher yields in a shorter time (approximately 4 h less) than conventional methods, which involved cell disruption, lipid extraction, and transesterification in that order. For direct transesterification, the compositions of FAME obtained with either catalyst were almost the same; the oleic acid methyl ester was the dominant FAME, followed by linoleic, and then palmitic acid methyl ester. However, a previous report showed that the FAME composition was catalyst dependent, especially for oleic and linolenic acid methyl esters [18] . The content of linoleic 
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Materials and Methods
Microorganism and Medium
The seed medium for culturing R. glutinis BCRC (Bioresource Collection and Research Center, Hsinchu, Taiwan) 22,360 contained 3 g of yeast extract, 3 g of malt extract, 5 g of peptone, and 10 g of dextrose per liter. The fermentation medium contained 80 g of crude glycerol (Yu-Hwa Biodiesel Company, Changhua, Taiwan), 2 g of yeast extract, 2 g of (NH 4 ) 2 SO 4 , 1 g of KH 2 PO 4 , 0.5 g of MgSO 4 ·7H 2 O, 0.1 g of CaCl 2 , and 0.1 g of NaCl per liter. The crude glycerol, dark brown in color and slightly viscous, was used directly without any pretreatment or purification.
Production of Biomass
Under aerobic conditions, 300 mL of seed culture was prepared in a seed medium after a 24-h incubation at 24 • C with orbital shaking at 150 rpm. The seed culture was inoculated into a 5-L stirred-tank fermentor (BIOSTAT ® A plus, Sartorius, Gottingen, Germany) containing 2.7 L of fermentation medium (3 L working volume). The pH was maintained at 5.5 by automatically feeding 1.0 N NaOH or 1.0 N HCl solution into the medium. The fermentor was operated at 24 • C with dissolved oxygen controlled at 30, ±2% of the saturation level. The agitation during the process was limited to a range from 200 to 400 rpm to avoid potential damage resulting from high shear force. The biomass was harvested after 72 h of incubation by centrifugation at 12,021× g, and then the pellets were washed with deionized water to remove any residual fermentation medium. The biomass was stored at −80 • C for 24 h before lyophilized in a Freezemobile 12 XL freeze dryer (Virtis). The dried biomass was stored in a refrigerator for later use.
Total Lipid Analysis
The extraction of lipids from a biomass was modified from the procedure reported by Bligh and Dyer [28] . Fifty milliliters of chloroform/methanol mixture (2:1, v/v) was mixed with 0.5 g of finely ground powder of dry biomass. The suspension was then subject to ultrasonication with a Misonix XL2020 sonicator for 6 min on an ice bath; the ultrasonic horn was directly immersed in the suspension and the on/off cycle was set to 60/60 s in order to minimize the heat generated. The suspension was incubated at room temperature for 1 h on a rocking mixer at 100 rpm. The solvent phase was collected by centrifugation at 12,100× g for 10 min; the biomass was extracted with an additional 30 mL of chloroform/methanol mixture for 1 h. The combined solvent phase was evaporated at 65 • C under vacuum (337 mbar), and then the remaining lipid was weighted. The lipid content was defined as below:
lipid content (%) = weight of lipid (g)/weight of biomass (g) × 100
(2)
Direct Transesterification
One gram of dry biomass and various amounts of methanol (biomass to methanol ratio in the range of 1:10 to 1:60, w/v) were added to a 100 mL round-bottom flask fitted with a condenser. NaOH (from 0.1 to 4 g/L) or H 2 SO 4 (from 0.05 to 0.8 M) dissolved in methanol was used as a catalyst. The suspension was heated at 40 to 70 • C in a water bath under atmospheric pressure with vigorous mixing for 2 to 30 h, followed by a centrifugation at 12,100× g for 10 min and a collection of the supernatant. The residual biomass was then washed with 10 mL of n-hexane and the washing fraction was collected after centrifugation as described above. The supernatant and the washing fraction were combined and extracted with equal volume of n-hexane. The n-hexane layer was collected and the solvent was evaporated at 65 • C under vacuum (337 mbar). The biodiesel product was collected and weighted. The experiments were performed in triplicate; the average from triplicate was plotted in the figures and the standard deviation was indicated with an error bar.
Analysis of Fatty Acid Methyl Esters
The content of FAME in the transesterification product was measured according to the standard of Taiwan, CNS-15051. The biodiesel product was first treated with sodium sulfate followed by centrifugation at 2040× g for 5 min. Fifty microliters of the treated sample was mixed with 1 mL of 10 mg/mL methyl heptadecanoate in hexane as an internal standard. One microliter of the sample was injected into a gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) equipped with a flame-ionization detector (FID). A BPX70 capillary column (30 m × 0.25 mm i.d.; SGE Analytical Science, Ringwood, Australia) with nitrogen as carrier gas was used. The injector and FID temperatures were both set at 250 • C. The oven temperature was initially held at 150 • C for 30 s and then increased to 180 • C at 10 • C/min, finally to 198 • C at 1.5 • C/min. The content of FAME was calculated using the following equation:
where ΣA is the summation of peak area of all the FAME peaks (from C14:0 to C24:1); A EI is the peak area of internal standard, methyl heptadecanoate; C EI is the concentration of methyl heptadecanoate, V EI is the volume of methyl heptadecanoate, and m is the mass of the biodiesel sample. The FAME yield was calculated using the following equation: FAME yield (%) = FAME content (%) × weight of biodiesel (g) lipid content (%) × weight of biomass (g) × 100 (4)
Conclusions
In this study, the oleaginousyeast, R. glutinis, was used for the direct transesterification without lipid pre-extraction to produce FAME. The use of chloroform, a highly toxic organic solvent often applied in lipid extraction, was avoided. The highest FAME yield of 111% was obtained with 0.6 M H 2 SO 4 as a catalyst and a methanol loading of 1:20 (biomass to methanol, w/v), the reaction was carried out at 70 • C for 20 h. Using the same methanol loading and temperature, a slightly lower yield of 102% was obtained with 1 g/L NaOH after 10 h of incubation. Although basic catalysts are often avoided because of the potential saponification caused by the free fatty acids present in SCO, the NaOH catalyst was still able to achieve similar FAME yield in half the reaction time required by the H 2 SO 4 catalyst. However, the acid-catalyzed direct transesterification tolerates moisture content much better than the base-catalyzed process; thus, the H 2 SO 4 catalyst is more suitable for wet biomass feedstocks. Compared to conventional transesterification, the direct process is not only simpler, but also improves the FAME yield by 24-29% with a shorter reaction time and a lower energy consumption. The reaction processes reported in this work simplify for the production of SCO-derived biodiesel and reduce its cost. Our preliminary work also indicates that wet biomass can be used directly as a feedstock with some minor adjustments in reaction conditions, suggesting that further process simplification and cost reduction are possible.
